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Reversing Gels and Water Soluble Colloids from Aminosiloxanes 
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Abstract. The unique sollgel behavior of an organiclinorganic hybrid material synthesized from 3-aminopropyl- 
triethoxysilane (3AS) and tetramethoxysilane (TMOS) is discussed and examined. The addition of H20 to a mixture 
of a basic (3AS) and an acidic (TMOS) alkoxide leads to rapid gel formation. This wet gel reverses to a sol upon 
heating which is attributed to the dissolution of siloxane bonds between the surfaces of colloidal particles in the gel. 
The reversed sol dries to an optically transparent solid which is water soluble. The water solubility and the stability 
of these colloidal particles are described by their aminopropyl/silanol surface and the electrostatic interactions 
between them using DLVO theory. 
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1. Introduction 

The gelation of colloidal silica can be pictured as 
the collision between colloids with silanol surfaces 
resulting in condensation reactions to form siloxane 
bonds. The siloxane bonds are formed irreversibly, 
and the resulting gel/precipitate is water-insoluble. 
Silica gels can be made water soluble: (1) by in- 
cluding substituents in the composition which pre- 
vent siloxane bond formation or (2) by placing the 
material in a highly basic environment where dis- 
solution of the siloxane bonds can take place. Al- 
kali metal silicates such as Na and K silicates [l] 
and certain organically modified sols are known to 
be water.soluble [l, 21. At a high pH, the silica sur- 
face will have a negative surface charge, and the 
positive cations (Na, K, Li, etc.) will adsorb on the 
surface of silica. Particles will then be linked to- 
gether by acid-base bonds rather than siloxane bonds, 
and these materials can be peptized to become wa- 
ter soluble [l]. Organically modified sols can also 
be water soluble by incorporating organic ions on 
the surface of the silica such as tetramethylammo- 
nium ions [l, 3, 41, again preventing siloxane bond 
formation. 

In this study, we present a new organically modified 
silicate material and discuss its unique characteristics 
of reversible gelation and water solubility which is be- 
lieved to be governed by the dissolution of silica and 
electrostatic interactions between silica colloids. 

2. Experimental 

Synthesis. The physical behavior of the 3AS : TMOS 
composition during processing is shown in Fig. 1. Typ- 
ically, 3AS, TMOS, and H20 (distilled or acidified) 
were mixed in a vial at a 5.5 : 1 : 3.9 mole ratio. Upon 
the addition of H20, rapid hydrolysislcondensation re- 
sulted in the formation of a wet gel @) within 60 s 
of mixing with distilled H20 and within 10 s of mix- 
ing with acidified H20. This wet gel @) was opti- 
cally transparent, often with a bluish color caused by 
Raleigh scattering. Upon heating the wet gel to 75°C 
for several hours, the gel would reverse back to an 
optically transparent solution (C). The reversed solu- 
tion (C) was slightly more viscous than the original 
3AS : N O S  solution (A). Solution (C) was very sta- 
ble, since it would not gel upon sitting or cooling. 
The drying of solution (C) resulted in an optically 
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Figure 3. Phase diagram of 3AS : TMOS compositions as a function of HzSO4 content and TMOS content. 

composition, the colloid size does not increase as 

colloids of the higher TMOS samples could stem from 
the larger concentrations of silanols at the surface 

are fewer amine groups to block the surface silanols). 
3AS alone hydrolyzed by H20 is unusually stable in 

aqueous environments [7]. The unique water solubil- 
ity stems from the formation of low molecular weight 
cage structures and from internal cyclization, where the 
propyl amine group wraps around and hydrogen bonds 
with the silanol groups [7,8]. The propyl amine in this 
configuration blocks the silanol groups and hinders the 
condensation reactions, resulting in high stability in 
aqueous environments. The energy for cyclization has 
been reported to be -26.3 kcal/mole, which is much 
greater than the thermal energy [7]. When both 3AS 
and Th4OS are hydrolyzed together, larger cage struc- 
tures (colloids) are believed to be formed which are 
linked mostly by siloxane bonds in the wet gel (B). Af- 
ter dissolution, the reversed solution (C) does not return 
to a gel (B) upon cooling because: (1) the internal cy- 
clization of the amine groups to the silanol groups on 
the surface of the colloids hinders inter-colloid conden- 

Two experiments confirm that the interaction of the 
colloidal particles is governed by electrostatic forces. 
First, the colloidal solution (B) precipated when ZrQ 
was added to the solution. The addition of a multivalent 
salt contributed to the decrease in the electrical dou- 
ble layer and hence caused flocculation or coagulation. 
Second, the particles have a significant zeta potential 
of -30 to -40 mV as measured by electrophoresis, 
suggesting that a strong surface charge exists on the 
colloids. 
Knowing this, Derjaguin-Landau-Verwey-Over- 

beek (DLVO) theory can be applied to confirm and 
predict conditions under which flocculation or disper- 
sion of the colloids will occur [9]. DLVO theory takes 
into account electrostatic repulsion and van der Waals 
attraction and can be described by: 

4z 

I much (Fig. 2@)). The greater interaction between the 

which can undergo condensation reactions @e., there 

I 

I 

K-1= [ (-) EEokBT . [npz; e2 + naz;  e21 

u, = --. + In ( r2 :24u')) 

Z2e2 exp(Kap> exp(-Kr) sation; and (2) the electrostatic interactions between 
the colloids contributes to the colloid-colloid repulsion EEO l + ~ a ,  I ).  
(see discussion below). For these same reasons, the 
dried gel (D) is water soluble. 

Ii r. 



Reversing Gels and Water Soluble Colloids 557 

Benzene 

J 

)2 1.04 1.06 1.08 1.10 1.12 1.14 
l . I . l . I . l . 1  

r12a 
P 

Figure 4. 
dielectric constant of the solvent (for water E = 78, A = 0.323 * 
A = 0.373 * 1090 J) with the parameters 2, = 2500, up = 6 nm, T = 300 K, np = 10’’ 
estimated using equation 11.14 from Israelachvili [lo]. 

Interaction energy of two colloidal particles relative to the thermal energy predicted by DLVO theory (a) upon change in the 
J, for ethanol E = 26 and A = 0.181 * lo-” J, for benzene E = 2 and 

and n, = 2 * np. Hamaker constants were 

where K - ~  is the screening length (approximately the 
double layer thickness), UR is the Columbic repulsion 
energy, UA is the van der Waals attraction energy, E is 
the dielectric constant of the solvent, EO is the permit- 
tivity of a vacuum, k~ is Boltzmann’s constant, T is 
the temperature, np is colloid density, 2, is valence of 
colloidal particle, e is the charge of an electron, na is 
the counterion density, 2, is the counterion valence, ap 
is the particle radius, I is the distance between particles 
and A is the Hamaker constant [9]. 

The reversed solution (C) was added to a variety of 
different solvents. In general, high dielectric solvents 
resulted in a stable colloid mixture, while low dielec- 
tric constant solvents result in flocculation of the col- 
loidal particles. A decrease in the dielectric constant 
results in the decrease in the electrical double layer, 
and hence causes flocculation. Figure 4 is a plot of 
the energy between two colloids relative to the ther- 
mal energy for three solvents (HzO ( E  = 78), EtOH 
( E  = 24) and benzene ( E  = 2)) as a function of the 
distance between the colloids in units of particle di- 
ameter as predicted by DLVO theory. The low dielec- 
tric constant solvent, benzene, has a minimum in the 
energy curve suggesting that the colloids should floc- 
culate; the curves for the two other solvents do not 
have an energy minimum, suggesting that the parti- 
cles should be dispersed. The predicted behavior in 
Fig. 4 matched the experimental results of adding the 

respective solvents, and therefore the behavior of the 
3AS : TMOS colloids seems well predicted by DLVO 
theory. 

4. Conclusions 

A sol-gel material derived from 3AS and TMOS pre- 
cursors has been characterized, and its unique prop- 
erties of reversible gelation and water solubility have 
been described. The reversibility of the initial gel is 
caused by the dissolution of the Si-0-Si in the pres- 
ence of a highly basic environment. This results in 
formation of colloidal particles with amine and silanol 
surfaces that are water soluble, and whose behavior is 
governed by electrostatic interactions. 
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